We demonstrate a compact and versatile interferometric vibration sensor that operates in reflection mode. To build the device, a short segment of symmetric strongly coupled multicore optical fiber (MCF) is fusion spliced to a singlemode optical fiber (SMF). One end of the MCF segment is cleaved and placed in a cantilever position. Due to the SMF-MCF configuration, only two supermodes are excited in the MCF. Vibrations induce cyclic bending of the MCF cantilever which results in periodic oscillations of the reflected interference spectrum. In our device, the MCF itself is the inertial mass. The frequency range where our device is sensitive can be easily tailored from a few hertz to several kilohertz through the cantilever dimensions.
Vibration sensors have a large and diverse number of applications. Such sensors are vital to monitoring seismic events or the structural health of machinery and civil infrastructures [1] . Vibration sensors are also important in oil and gas exploration [2] . Different applications and the environmental conditions require tailored vibration sensor characteristics. For example, to monitor earthquakes or volcanic eruptions, as well as civil infrastructures (buildings, bridges, etc.), vibration sensors that respond to low frequencies (below a few tens of hertz) are necessary [3] . On the other hand, monitoring the health status of machines demands vibration sensors that respond to medium or high frequencies (from a few hundred hertz to several kilohtertz) [4] .
Currently, there exists a large variety of vibration sensors (also called accelerometers). However, the interest in fiber optic vibration sensors has grown considerably in the last years. This interest is triggered by the distinct advantages that fiber optic sensors offer, including immunity to electromagnetic interference, remote operation, multiplexing capability, and high sensitivity. So far, a number of device approaches to fiber optic vibration sensors have been reported [1, 2] . Since lightweight optical fibers are fairly insensitive to vibrations, the majority of vibration sensors feature a much heavier test mass that is coupled to the fiber and results in a bulky sensor device. Vibrations move the test mass periodically and, consequently, the optical fiber experiences cyclic strain or displacements. The latter two effects cause changes in the intensity, phase, or wavelength of the guided light. As a result, different types of fiber optic sensors can be applied to monitoring vibrations. Intensity-modulated vibration sensors are the simplest ones, but their accuracy is poor [5] [6] [7] [8] [9] [10] . Interferometric vibration sensors are highly sensitive but, in general, they tend to be complex and, hence, impractical [11] [12] [13] [14] [15] . Vibration sensors based on fiber Bragg grating (FBG) technology are the most advanced ones and have reached commercial level [16] [17] [18] [19] [20] . The main disadvantage of FBG vibration sensors is their high cost, as picometer-resolution systems are required to interrogate them.
Here, we introduce a miniature interferometric vibration sensor based on strongly coupled multicore optical fiber (MCF); see Fig. 1 . One end of a short segment of MCF is fusion spliced to a single-mode fiber (SMF). The other end of the MCF is cleaved and, subsequently, a short segment of capillary tube is spliced to the MCF. The structure is placed in a cantilever position, as shown in Fig. 1 . Due to the axial symmetry of the SMF-MCF structure, only two supermodes are excited in the MCF when light is launched through the SMF, and these supermodes interfere in a very predictable manner [21] [22] [23] [24] [25] . In our configuration, the MCF is sensitive to vibrations, as this supermode interference is highly sensitive to small bending angles [24] . Vibrations bend cyclically the MCF and induce periodic oscillations of the reflected interference spectrum. In our configuration, the MCF functions not only as the light waveguide, but it also plays the role of the test mass. We will demonstrate that changing the dimensions of the cantilever allows us to tailor the operating frequency range of our sensor from a few hertz to several kilohertz.
The MCF used to fabricate our devices has seven identical cores made of Ge-doped silica. The core arrangement, dimensions of the cores, and the separation between them are indicated in Fig. 1 . The outer diameter of the MCF is ca 140 μm. The particular feature of our MCF is that the numerical aperture (NA) of each core is 0.14 (at 1550 nm), well matched to the NA of a conventional SMF. Due to this feature, the coupling between the MCF and the SMF is highly efficient, and the insertion loss of our devices is low, typically around 0.1 dB. The fabrication of the structure, as shown in Fig. 1 , is straightforward. A segment of the aforementioned MCF is fusion spliced with SMF with a splicing machine (in our case, we used a Fujikura 100P+). The default programs installed in the machine for splicing standard optical fibers were used. Then, the MCF is cleaved to a desirable length; in our case, the typical lengths were between 5 mm and 6 cm, as other lengths were found to be impractical for our applications. The cleaved end of the MCF acts as a low-reflectivity mirror; however, a metal can also be deposited on the MCF end if high reflectivity is required. To protect the MCF end (i.e., the mirror), a short segment (∼4 mm) of the capillary tube with an internal/external diameter of 50/ 130 μm was fusion spliced to the MCF. A proper arc discharge was applied to the capillary tube to seal it completely.
Although our MCF supports seven supermodes [21] , only two supermodes are excited and guided in the MCF segment due to the excitation symmetry of the SMF-MCF connection. Figure 1 shows the profiles of these two supermodes. The simulations were calculated for 1550 nm with the finite difference method using commercial waveguide software (FimmWave by Photon Design). The supermodes interfere during propagation in the MCF; light is reflected from the cleaved end of the MCF and coupled back into the SMF core. The interference between the supermodes results in spectrally periodic coupling of the reflected power back into the SMF core. The supermodes excited in the MCF have different propagation constants which can be denoted by β 1 and β 2 . During propagation through the MCF, a phase difference of Δϕ 2L f β 1 − β 2 , where L f is the length of MCF, is acquired between the two supermodes. Since this phase difference depends on the wavelength, the reflected spectrum of the SMF-MCF structure is expected to feature maxima and minima related to constructive and destructive supermode interference at the recoupling point into the SMF core, respectively. We will see that if the segment of MCF is short, the spectral period of the interference pattern is large, and vice versa.
It has been demonstrated that supermode interference is highly sensitive to bending [24, 25] . Thus, if the MCF is placed in a cantilever position, as shown in Fig. 1 , a periodic shift to the reflected spectrum can be induced. Such a periodic shift can be monitored with high accuracy. Therefore, simple and accurate vibration sensors can be implemented with the configuration shown here.
The resonance frequency (f r ) of our cantilever can be calculated with formulas provided in the literature as, for example, with those provided in [5, 14] , or [26] , which state that
where F 0 is a constant, which is ≈3.52 for the zeroth-order vibration mode of the cantilever; R can be taken as the radius of the MCF; L c is the length of the cantilever, i.e., the distance from the clamping point to the end of the sealed capillary [see Fig. 1(b) ]; E and ρ are, respectively, the Young's modulus and the mass density of the cantilever. As the latter is made of glass, E and ρ can be considered as those of silica which are well known.
In Fig. 2 , we show the theoretical resonance frequency of the cantilever for different values of R and L c . Note that, in theory, the resonance frequency of our sensors can be adjusted from around 50 Hz to more than 25 kHz. In a practical situation, such a broad range can be achieved, as the MCF diameter can be controlled during the fiber fabrication. Moreover, the cantilever can be protected with thick capillary tubes, and the cantilever length can be easily adjusted.
We fabricated several samples and interrogated them by launching light from a superluminescent diode with a peak emission at 1550 nm. The reflected light was analyzed with a miniature spectrometer (I-MON512-USB, Ibsen Photonics) connected to a personal computer. Figure 3 shows the reflected spectra of two MCF interferometers, where L f was 19 or 40 mm. We noticed that the short segment of a capillary tube spliced to the MCF did not distort the reflected spectra.
To monitor vibrations with our devices, it is crucial to track the cyclic shifts of the interference patterns with high speed and accuracy. To do so, we used the center of gravity (COG) algorithm installed in our spectrometer. The COG algorithm is fast and allows us to find and track the maximum wavelength of a peak with high accuracy, even if it is ultrabroad. According to the COG algorithm, the peak wavelength (λ p ) of the broad peak shown in Fig. 3 is simply [27] 
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In Eq. (2), I i is the reflected intensity at the wavelength λ i , and m is the number of points in which the broad peak is fragmented. In our case, the initial and final wavelengths (λ 1 and λ m ) were those located at the minima of the spectrum. The number of points, or m, to calculate λ p were always less than 512, as this was the number of pixels that composed the detector of our spectrometer.
A 19 mm-long MCF interferometer protected with a capillary tube was placed in a cantilever position, as shown in Fig. 1 . The initial cantilever length was 22 mm. It important to point out that the clamping point was outside the MCF because the MCF in sensitive to local pressure. To determine the resonance frequency of the cantilever, it was made to oscillate freely. To do so, we blew air to the cantilever. The position of the peak wavelength (λ p ) as a function of time was recorded; the frequency of the oscillation was calculated by means of the fast Fourier transform (FFT). The clamping point was changed, and the resonance frequency of the new cantilever was measured. The results of our experiments are summarized in Fig. 4 , where we show the shift of the interference pattern as a function of time, the FFT, and the resonance frequency observed for different lengths of the cantilever. It is important to mention here that all the segments that composed the cantilever were without any coating. In addition, the orientation of the MCF cores was arbitrary. We observed that interferometers built with longer lengths of MCF gave essentially similar resonance versus cantilever length graphs as those plotted in Fig. 4 .
To further characterize our MCF interferometer as a vibration sensor, we placed it close to a loudspeaker (model GF0776MX, from Amaoto Industrial Co.), as shown in the inset of Fig. 5 . For these experiments, the cantilever length was 44 mm. (L f was 19 mm, and the MCF was also protected with a capillary tube.) The acoustic waves generated by the loudspeaker induced minute periodic bending to the MCF, hence periodic shifts to the reflected interference pattern. The frequency of the loudspeaker was changed with a function generator (model 33120A, from Hewlett-Packard). For all frequencies, the driving voltage was 10 V. The inset of Fig. 5 shows the observed FFTs for two frequencies of the loudspeaker. The figure also shows the frequency we measured with our MCF interferometer and the frequency of the loudspeaker which was controlled by the function generator. The calibration gave us the following expression: F m 0; 99986F i , where F m and F i , respectively, are the measured and the input frequency. The frequency range we could measure was from 40 to 760 Hz. We believe that this is not a limitation of our device. According to the manufacturer, the resonance frequency of the loudspeaker is around 310 Hz. Thus, at frequencies outside the resonance frequency the acoustic pressure is too weak to bend the MCF.
It is important to mention here that our MCF interferometer is sensitive to temperature. In fact, it can operate up to 1000°C, as demonstrated in a previous publication [21] . Temperature causes a shift of the interference pattern. However, in our case, we do not monitor such a shift but the period of the shift. In this manner, temperature does not affect our measurements.
We also investigated the response of our device to different vibration amplitudes. To do so, we placed the aforementioned loudspeaker at 3 cm from the cantilever (or MCF) and changed the driving voltage of the speaker from 1 to 10 V (the maximum possible voltage with our function generator). The frequency of the speaker was kept fixed at 304 Hz, i.e., close to the speaker resonance frequency. Figure 6 summarizes our results. It can be seen that as the driving voltage of the loudspeaker increases, the height (amplitude) of the FFT increases. The calibration gave us the following expression: FFT amplitude 0; 04236V , where V is the driving voltage.
In conclusion, we have demonstrated a simple and compact interferometric vibration sensor based on strongly coupled MCFs. Our device consists of a short segment of MCF fusion spliced at the distal end of a single-mode fiber. The fabrication of our device takes a few minutes; it is reproducible and inexpensive. Due to the features of the MCF used and the excitation conditions, only two supermodes participate in the interference. To monitor vibrations, we placed our MCF interferometers in a cantilever position. Vibrations cause cyclic bending to the MCF which is detected as a periodic oscillation of the interference pattern in the reflection spectra. We demonstrated that the resonance frequency of our sensors can be easily tuned from a few hertz to several kilohertz. Thus, we believe that our device can be useful in diverse applications. 
